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Abstract 
Protein separation in medical care applications using tight ceramic ultrafiltration (UF) membranes with multilayer asymmetric 
structures is hindered by challenges in their fabrication and fouling phenomenon. In this study, a facile co-sintering method 
for fabrication of silver nanoparticles (AgNPs)-enhanced tight ceramic ultrafiltration membranes was comprehensively 
investigated. The introduction of AgNPs into the membrane layer not only controlled the membrane surface charge properties, 
but also alleviated the sintering stress in the co-sintering process, ensuring a complete membrane layer owing to the higher 
ductility. The AgNPs obtained from silver nitrate were introduced before the formation of boehmite nucleation, providing a 
uniform distribution of AgNPs within boehmite owing to the electric double layer. The final UF membranes prepared by the 
co-sintering process exhibited a molecular weight cut-off of 9000 Da and permeability of 62 Lm-2h-1bar-1. Furthermore, the 
isoelectric point of the membrane surface could be controlled by the AgNPs (from 9.0 to 2.7 unit?), providing sustainable 
antifouling properties for protein purification owing to the electrostatic repulsion force. The proposed facile co-sintering 
process for fabrication of antifouling ceramic UF membranes with the assistance of AgNPs could decrease the sintering time 
and energy consumption, and thus is promising for industrial protein purification applications. 
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Pure proteins attract increasing attention owing to their potential applications in food, nutrition, and medical care [1, 2]. 
In medical care applications, proteins with high purities have been employed to fight against various diseases [3, 4]. There is 
a large demand for protein purification. Ceramic tight ultrafiltration (UF) membranes with pore sizes of 2–5 nm have a large 
potential to separate and purify protein suspensions owing to their excellent chemical and physical stabilities and long 
operational lifetimes. However, the membrane fouling hinders the wide application of tight ceramic UF membranes. 
Conventionally, ceramic membrane materials are often composed of ZrO2, Al2O3, TiO2, and their mixtures [5]. These materials 
do not exhibit satisfactory antifouling performances while treating protein solutions. The membrane fouling phenomenon may 
lead to a significant flux decrease, increased energy demand, high operational cost, shorter operational lifetime, and additional 
labor for maintenance. Therefore, the development of a high-performance ceramic membrane material with a satisfactory 
protein antifouling performance is essential. In order to alleviate the membrane fouling, various approaches have been 
employed to modify the membrane surface charge [6], hydrophilicity–hydrophobicity performance [7], surface roughness [8, 
9], inhomogeneous pore size distribution [10], etc. 
Nanoparticles (NPs)-enhanced membranes with various functionalities have been proposed as high-performance 
antifouling membranes to separate and purify waste water [11, 12]. NPs consisting of various materials, such as zeolites, TiO2, 
ZnO, ZrO2 [13-15], Ag, Au, and Pd [16, 17], have been introduced to modify the properties of ceramic and polymer 
membranes, providing better antifouling performances and stable chemical properties. Among the nanoparticles, Ag 
nanoparticles (AgNPs) attract significant attention owing to the enhancement in the antimicrobial activity [18, 19] and low 
toxicity toward mammalian cells for long-term applications. Most studies have been focused on the antimicrobial properties 
as well as the optical and electrical performances [20, 21]. These studies confirmed that the surface of the AgNPs-enhanced 
material could alleviate the adhesion between the membrane surface and bacteria with a controlled release of Ag+, which 
paves the way for the design and fabrication of self-cleaning antimicrobial surfaces. For example, Mecha et al. [22] fabricated 
an AgNPs-modified woven fabric microfiltration membrane and investigated a potable water treatment using such membranes. 
The membranes exhibited a satisfactory disinfection performance for a raw river water. 
Furthermore, the nanoscale AgNPs exhibit other valuable properties such as a negative zeta potential [23], higher 
toughness, and tensile ductility [24]. If the AgNPs with these properties are embedded in ceramic membrane materials, such 
membranes could have controllable surface charge properties and a facile thermal treatment in the fabrication process. Tang 
et al. [23, 25, 26] carried out a series of studies on negatively AgNPs charged organic membranes using a nanotemplate 
approach and reported that the AgNPs (negatively charged) modified the surface properties of the composite nanofiltration 
membranes. They exhibited satisfactory separation performances for treatment of a NaCl/MgSO4 solution, as the AgNPs 
could provide surface oxidation, generating negative charges. In addition, the AgNPs could attract ions (e.g., Cl-) on the 
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membrane surface, inducing a more negative surface. These studies pave the way for the design and fabrication of high-
performance ceramic membrane materials with controllable surface charges. Furthermore, Lin et al. [27, 28] reported the 
effect of AgNPs doping on the thermal treatment of ceramic membranes at high temperatures. They fabricated TiO2/Ti 
composite microfiltration (MF) and UF membranes using AgNPs to alleviate the sintering stress and thermal expansion 
mismatch between the metal support and TiO2 layer, efficiently preventing membrane cracks in the sintering process. They 
also explained the toughening mechanism using AgNPs to overcome the mismatch in the sintering process owing to their 
higher toughness performances, providing a good approach to fabricate integrated ceramic membrane layers at high 
temperatures. 
Although the AgNPs have various advantages for the fabrication of ceramic membranes, the AgNPs having a higher 
surface energy could easily aggregate and thus affect the integrity of the membrane surface and reduce the antifouling 
efficiency if they are simply mixed or directly coated on the membrane surface. It is challenging to disperse the AgNPs by 
conventional methods, such as sonication and grinding [29], owing to the strong intraparticle interactions. Therefore, it is 
crucial to develop an effective method to disperse the AgNPs in the composite membranes. Zhang et al. [30] proposed a novel 
approach to modify the membrane surface by a simultaneous grafting of AgNPs and sulfobetaine methacrylate. The AgNPs 
were uniformly distributed on the membrane surface and exhibited a better antifouling performance. Das et al. [31] developed 
a green method to load AgNPs on a silica surface by coating a protein to fabricate a stable composite material. The AgNPs 
were distributed uniformly in the designed material. Basri et al. [32] investigated mainly the effects of polyvinylpyrrolidone 
and triaminopyrimidine on the silver dispersion. Their membrane has a good potential for antibacterial applications. In 
addition, silane coupling agents can reduce the degree of hydrophilicity and surface energy of the particles and effectively 
prevent agglomeration [33, 34].  
In this study, we utilized the advantages of AgNPs with good toughness properties and negative surface charges to design 
a high-performance ceramic tight membrane with a controllable surface charge by co-sintering process. The AgNPs not only 
relieved the stress and smoothened the membrane surface in the co-sintering process, but also controlled the membrane surface 
charge, providing a better electrostatic repulsion of bovine serum albumin (BSA) molecules. Using AgNO3, AgNPs were 
introduced to prepare a uniform AgNPs-doped boehmite sol. The AgNO3 was in-situ reduced into the AgNPs in the boehmite 
sol with the aid of alcohol and appropriate thermal treatment. Parameters, such as the distribution of AgNPs within boehmite 
sol, rejection performance, flux, and antifouling performance, were investigated to fabricate a ceramic tight UF membrane 
with a satisfactory antifouling performance. The use of co-sintering technology, a facile and low-cost methodology [35, 36] 





Fig. 1 Illustrations of the fabrication of the flat ceramic tight UF membrane and separation to purify a protein solution. 
 
2. Experimental methods 
2.1 Materials 
Al-tri-sec-butoxide, silver nitrate (AgNO3), and glycerol were purchased from Sigma-Aldrich. Alcohol, acetic acid, and 
BSA were purchased from Shanghai Lingfeng Chemical Reagent. Alumina powders used to fabricate a ceramic support (mean 
particle size of 3000 nm) and MF membrane material (mean particle size of 300 nm) were purchased from Sumitomo, Japan. 
Deionized water was used in all experiments. 
2.2 Synthesis of a boehmite sol 
Pure boehmite sol: Al-tri-sec-butoxide as a precursor was mixed with alcohol to form a homogenous solution. This 
process could reduce the viscosity of the Al-tri-sec-butoxide and form a homogenous solution with alcohol, beneficial for the 
subsequent hydrolysis. The homogenous solution was then added into hot water (90 °C) and stirred for 1 h under refluxing. 
Subsequently, acetic acid was added and the refluxing as well as stirring were continued for another 1 h. Finally, glycerol was 
added under refluxing and stirring for 1 h. Upon cooling to room temperature, the sol was successfully prepared [37]. 
AgNPs-doped boehmite sol: The preparation of the AgNPs-doped boehmite was similar to that of the pure boehmite 
sol. However, before the addition of acetic acid, an AgNO3 solution was added dropwise; the steps are illustrated in Fig. S1.  
2.3 Fabrication of ceramic membranes 
Before the fabrication of ceramic UF membranes, flat alumina supports were fabricated and characterized [38, 39]. As 
shown in Fig. 2, no defects were observed on the surface of the alumina support. The support had a mean pore size of ~1 μm, 
narrow pore size distribution, and permeability of approximately 1700 Lm-2h-1bar-1. In addition, the roughness of the support 




Fig. 2 Characterizations of the ceramic support: (a) (b) surface of the support, (c) pore size distribution, and (d) water flux. 
 
Fabrication of an AgNPs-doped ceramic UF membrane (ACUM): ACUM was fabricated by co-sintering process. An 
alumina dispersion (its fabrication is presented in our previous report [5]) was dip-coated on the support surface for 60 s. The 
wet alumina MF membrane was then dried at room temperature (20 to 25 °C) for 12 h and at 70 and 110 °C for 6 h. The 
AgNPs-doped boehmite sol was coated on the dry MF membrane for 10 s, which was then dried at a relative humidity of 60% 
and 60 °C for 12 h. The membrane was then placed in an oven at 70 °C and 110 °C for 6 h. Finally, the membrane was co-
sintered once at 1000 °C for 2 h, at a heating and sintering rate of 1 °C/min.  
Fabrication of a conventional ceramic UF membrane (CCUM): CCUM was fabricated by a conventional process, 
consistent with that of ACUM. In addition, the alumina MF membrane was sintered at 1050 °C. After coating of the pure 
boehmite sol, the UF membrane was sintered at 1000 °C. This conventional method involved two sintering processes. 
2.4 Membrane material characterization 
The average pore diameter of the fabricated ceramic support was characterized by a mercury porosimetry (Poremaster 
GT-60, quantachrome) device. The surface microstructure and membrane cross section (along the membrane thickness) were 
characterized by scanning electron microscopy (SEM, Hitachi, S4800, Japan). The sols with different AgNO3 doping contents 
were dried and sintered at 1000 °C. The alumina phase compositions of the materials were characterized by X-ray diffraction 
(XRD, Smart Lab, Rigaku, Japan). The roughness of the membrane surfaces with and without doping AgNPs were measured 
by atomic force microscopy to produce two- and three-dimensional images. The pore diameter, pore volume, and surface area 
of the membrane material with different AgNO3 doping contents were measured by the Brunauer–Emmett–Teller method 
(BET, BELSORP Mini). The binding energy of the membrane material was measured by X-ray photoelectron spectroscopy 
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(XPS, Thermo ESCALAB 250, USA). All binding energies were referenced to 285.0 eV corresponding to the C 1s peak. The 
zeta potentials of the boehmite sols were measured using the dynamic light scattering technique (Zeta PALS, Brookhaven, 
USA). The bonding strength between the MF and UF membrane layers was measured by a nanoscratch tester (NANO TEST, 
MML) to evaluate the difference between the conventional and co-sintering processes. The porosity of the ceramic tight UF 
membrane was characterized by an ellipsometry device (Complete EASEM-2000U, J.A. Woollam, Fig. 3) by measuring the 
refractive index and using the following equation [40-42]:  
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where fa is the porosity of the UF membrane layer, na is the refractive index of the pores, and neff is the effective index [43]. 
To demonstrate the rationality of ellipsometry for the porosity measurement of the membrane surface, three different angles, 
from 65° to 75°, were used to measure the correlation between the experimental and model data. As shown in Fig. 3, the 
generated and experimental data exhibit a good quality of fitting at wavelengths in the range of 600 to 1000 nm. 
 
Fig. 3 (a) Ellipsometry device and (b) (c) ellipsometry analysis of ψ and △ of the membrane surface. 
2.5 Separation and antifouling properties of the UF membranes 
The pure water flux, permeate flux, and permeability were characterized by a cross-flow apparatus (the structure of the 
apparatus is presented in our previous report [42]). The rejection performances of ACUM and CCUM were characterized by 
a dextran solution. The mean pore sizes could be calculated using the rejection rates. The total content of the dextran solution 
was approximately 6.5 g/L, with 10000 Da (2.5 g/L), 40000 Da (1 g/L), 70000 Da (1 g/L), and 500000 Da (2 g/L). The 
concentrations of the dextran solutions before and after the membrane were characterized by gel permeation chromatography 
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where J is the permeability of the membrane or support (Lm-2h-1bar-1), Q is the pure water flux or permeate flux (Lm-2h-1), V 
is the permeate volume (mL), A is the effective membrane surface area (m2), t is the filtration time (h), and P is the trans-
membrane pressure (bar). The antifouling performances of ACUM and CCUM were characterized by separation of a protein 
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where R is the rejection performance, and Cf and Cp are the concentrations of the feed and permeate solutions of BSA, 
respectively. The feed and permeate solutions were then analyzed by ultraviolet spectroscopy (Nanodrop 2000C, Thermo 
Scientific, USA) at the required wavelength of BSA. The antifouling performance of the membrane was measured using the 
reported method [44]. ACUM and CCUM were used to treat pure water and BSA solution (0.5 g/L) for three cycles. At the 
end of each cycle, the membrane was thoroughly washed with pure water. After three cycles of BSA filtration, the pure water 
permeabilities of ACUM and CCUM were measured and denoted as J4 (Lm-2h-1bar-1). The original pure water permeabilities 
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3. Results and discussion 
3.1 Investigation of the stable performance of the AgNPs-doped boehmite sols 
AgNPs have a higher surface energy and easily agglomerate in a simple mixing process, leading to instability and 
inhomogeneity of the sol. The inhomogeneous size distributions of AgNPs hindered the investigation of structure–property 
relationships of a composite membrane [11]. Therefore, a uniform dispersivity of the AgNPs in the boehmite sol is required. 
Fig. 4a shows the zeta potentials of the boehmite sols with and without doped AgNPs as a function of the aging time. The 
zeta potentials were all maintained around 30 mV with the increase of the aging time, indicating that the AgNPs did not affect 
the stability of the boehmite sol. The AgNPs-doped and pure boehmite sols are shown in Fig. 4a (insets). The AgNPs-doped 
boehmite sol was brown–yellow, as the in-situ-formed AgNPs exhibited surface plasmon resonance [45, 46]. Fig. 4b shows 
the relationships between pH and zeta potential for the AgNPs and AlOOH. The AgNPs are negatively charged, while AlOOH 
is positively charged at a pH of 3–4 (the pH of the boehmite sol is presented in our previous report [37]). Therefore, the 
AgNPs reduced from the silver nitrate during the thermal treatment [47] could be absorbed around the crystal nucleus of 
boehmite with the aid of glycerol, forming a stable system owing to the electric double-layer (EDL) effect. This could stabilize 
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the AgNPs in the boehmite sol and form a uniform AgNPs-doped sol. With this approach, giant networks of the organic 
additives and AgNPs could be formed, effectively constraining the agglomeration of AgNPs and simultaneously controlling 
the particle size at the nanoscale (Fig. 4c). Fig. 4d shows the thermal process used for the AgNPs-doped boehmite sol. The 
sol was formed into a gel with water evaporation. After sintering at 1000 °C, the AgNPs could be uniformly loaded on the 
membrane surface. 
 
Fig. 4 Dispersivity performances of the AgNPs and boehmite. (a) Zeta potentials of the boehmite sols (with and without 
AgNPs) as a function of the aging time. (b) Zeta potentials of the AgNPs and AlOOH (the isoelectric point (IEP) of the 
boehmite is presented in the Wu’s report [48]). Schematics of the (c) dispersion process and (d) thermal treatment of ACUM. 
 
3.2 Effect of the silver nitrate doping content on the microstructure of membrane material 
In our previous study [37], the boehmite sol was synthetized to prepare γ-Al2O3 nanofiltration membranes and parameters 
such as [H+]/[Al+] and [H2O]/[Al+] were investigated. Usually, the doping method using AgNPs into the membrane layer 
could significantly affect the pore volume and surface area, and thus the permeability performance. The effect of the doping 
content of AgNO3 is discussed to characterize the microstructure of the AgNPs-doped alumina material by the BET method. 
Fig. 5a shows the surface area and pore volume. The surface area and pore volume decreased with the increase in the AgNPs 
doping content, as the AgNPs filled the pores of the alumina material, which improved its nonporous components and 
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decreased the pore volume and specific surface area. The decreases in the pore volume and specific surface area could reduce 
the permeability performance of the final membrane material. Fig. 5b shows that the pore diameter increased with the AgNPs 
doping content particularly in the range of 10 to 20 wt.%, as the AgNPs tended to connect with each other in the sintering 
process, which accelerated the growth of AgNPs and increased their diameters. Furthermore, when the doping content 
increased from 0 to 20 wt.%, the AgNPs could accelerate the alumina phase transition from γ to α (Fig. 5c), which is indicative 
of a rapid increase in the alumina particle diameter [5]. The alumina phase transition could also be responsible for the 
decreased specific surface area (Fig. 5a) and increased pore diameter (Fig. 5b).  
Figs. 5d–f show the microstructure evolution with the AgNPs doping content by SEM images of the membrane surfaces. 
The membrane surface with 5 wt.% of AgNPs was smooth without obvious defects. However, the membrane surfaces with 
higher AgNPs doping contents were different, particularly at 10 and 20 wt.%. A large number of larger pores were observed 
on the membrane surface (Figs. 5e and 5f), which is consistent with our previous study (inhomogeneous nucleation of α-
alumina at high temperatures [7]). This could be attributed to two factors. First, the high content of AgNPs could lead to a 
uniform and unstable dispersion of AgNPs among the boehmite with excess AgNPs on the local membrane surface. Second, 
the AgNPs doping could promote the alumina phase transition, from γ to α phase, and thus promote the growth of the alumina 
crystal, thereby enlarging the local membrane pores. Furthermore, it is worth noting that if the AgNPs were not doped into 
the boehmite sol, the membrane surface could have significant cracks formed during the co-sintering process (Fig. S3). The 
mismatch in thermodynamic properties between the MF and UF layers in the co-sintering process and larger tensile stress 
from the UF layer could lead to cracks [5]. However, as discussed above, the membrane surface with doped AgNPs (5 wt.%) 
was smooth without defects. The AgNPs with the high ductility and toughness could absorb and deflect the stress, providing 
a membrane surface with a high integrity, which is consistent with our previous study [49]. Overall, the AgNPs doping content 




Fig. 5 Microstructure of the AgNPs-doped alumina material: (a) specific surface area and pore volume, (b) pore diameter, (c) 
alumina phase transition for different AgNPs loadings, and membrane surface microstructures for different AgNPs doping contents 
of (d) 5 wt.%, (e) 10 wt.%, and (f) 20 wt.%. 
 
3.3 Physicochemical properties of the AgNPs-doped Al2O3 materials 
As discussed above, the dispersivity of the AgNPs in the boehmite sol had an important role in the fabrication of the 
ceramic UF membrane with a higher integrity. The sample of Al2O3 with 5 wt.% of AgNO3 was investigated in detail by 
energy-dispersive X-ray spectroscopy mapping after sintering at 1000 °C (Fig. 6). The elements, Al, O, and Ag, were 
homogeneously distributed, which confirmed that the AgNPs well dispersed within the alumina particles. Transmission 
electron microscopy (TEM) images at high magnifications were acquired to observe the microstructure of the AgNPs. Using 
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the images in Figs. 6e and 6f, the sizes of the AgNPs and alumina particles were precisely characterized. The sizes of the 




Fig. 6 Microstructure of the AgNP-doped alumina material: (a)–(d) elemental distributions and (e) (f) TEM images. 
 
An XPS characterization was carried out to analyze the valence states of the AgNPs-doped alumina materials after 
sintering at 1000 °C for 2 h. Fig. 7 shows the binding energies referenced to a carbon contaminant (C 1s, 284.6 eV). The full 
spectrum is presented in Fig. 7a. Ag 3d peaks were observed after the AgNPs doping, in addition to the major peaks of O 1s 
and Al 2p. Fig. 7b shows a fine Ag spectrum with peaks of Ag 3d5/2 and Ag 3d3/2. The XPS experimental results were fitted, 
yielding peaks of Ag and Ag2O. The Ag 3d5/2 peak was deconvoluted to two major peaks at 367.8 eV (Ag) and 368.4 eV 
(Ag2O) [28], while the peak at 374.2 eV corresponds to Ag metal [50]. Ag and Ag2O could be simultaneously present in the 
material, though Ag was dominant. Fig. 7c shows that the binding energy of Al 2p of the material doped with AgNO3 (74.18 
eV) was higher than that of the material without doping (73.88 eV). This indicates that the AgNPs could be partly introduced 
substitutionally, providing a slight increase in the VAl‴ concentration and thus a lower electronic cloud density [7]. This 
demonstrates that the Al–O–Ag chemical bonds are formed [51-53] between the alumina particles and AgNPs. 
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Fig. 7 XPS spectra of the alumina materials with and without the AgNO3 doping: (a) survey, (b) Ag, and (c) Al. 
 
3.4 Characterization of the ceramic UF membranes 
3.4.1 Microstructures of ACUM 
The SEM image (Fig. 8a) shows that the surface of ACUM was defect-free; the pore structure on the membrane surface 
was not clearly observed at a lower magnification. The flat ACUM is shown in Fig. 8a (inset). A green–red optical opalescence 
is observed, which is consistent with the Kuzniatsova’s study [54], where the phenomenon was attributed to the relationship 
between the membrane thickness and color distribution. The membrane pore structure could be observed at a higher 
magnification (Fig. 8a-1). Fig. 8b shows the cross-section structure of ACUM including the ceramic support, MF layer, and 




Fig. 8 Microstructure of the ceramic UF membrane: (a) (a-1) surface and (b) (b-1) cross section. 
 
3.4.2 Comparison of the pore size distributions and permeability performances of CCUM and ACUM  
The dextran rejection performances of ACUM and CCUM are compared in Fig. 9. The molecular weight cut-offs 
(MWCOs) of ACUM and CCUM were 9000 and 10800 Da, respectively. The dextran rejection performances and Equations 
6 and 7 were used to calculate the pore size distributions: 
















= −                   (7) 
where Mw is the MWCO (Da), rp is the effective pore radius (nm), μp is the mean effective pore size, and σp is the geometric 
standard deviation (the calculation process is presented in detail in the Ma’s report [55]). It can be concluded that ACUM had 
a slightly narrower pore size distribution than that of CCUM. The membrane surface of ACUM could be modified by the 
AgNPs, which could fill the membrane pore structure, decreasing the pore diameter. 


































































































Fig. 9 (a) Dextran rejection, (b) water flux, and surface porosities of the ceramic UF membranes: (c) ACUM and (d) 
CCUM. 
 
The pure water fluxes of ACUM and CCUM are shown in Fig. 9b. ACUM exhibited a slightly lower permeability 
(~62 Lm-2h-1bar-1) than that of CCUM (~68 Lm-2h-1bar-1), as the AgNPs filled membrane pores and decreased the porosity, 
increasing the separation resistance. To quantitatively measure the porosity of the ceramic UF membrane, a novel method 
based on ellipsometry was employed to characterize the microstructure (e.g., membrane thickness and refractive index), based 
on the study by Wessling and Henker [40, 41, 43]. Subsequently, the refractive index was used to calculate the porosity using 
Equation 1. The surface porosities of ACUM and CCUM were uniform. Their average surface porosities were 37.2% and 
43.1%, respectively. Figs. 9c and 9d present surface areas (10 mm × 10 mm) of ACUM and CCUM to show the porosity 
distributions. The uniform porosity distribution of ACUM reflected the uniform distribution of AgNPs among the membrane 
material. The measured and calculated parameters are summarized in Table 1. The thicknesses of ACUM and CCUM were 
approximately 1001 and 996 nm, respectively, which is consistent with the above SEM images. The MSE values of the 
membranes were below 10, indicating the high quality of the fitting [43]. The ellipsometry-based technique can guide further 
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studies to characterize the surface porosity distributions of ceramic UF and NF membranes. 
 
Table 1 Ellipsometry analysis of the membranes. 
Membrane Thickness (nm) Refractive index (neff)  Porosity (%) Mean square error (MSE) 
CCUM 996 1.386 43.1 7.921 
ACUM 1001 1.430 37.2 8.259 
 
3.4.3 Comparison of the bonding strengths of CCUM and ACUM  
As mentioned in the experimental section, the fabrication of ACUM involved co-sintering process, while CCUM was 
fabricated by the conventional sintering process. To investigate the effect of the sintering method on the bonding strength 
between the MF and UF layer, ACUM and CCUM were characterized by a scratch test (Fig. 10). The loads of ACUM and 
CCUM were 59.5 and 56 mN, respectively. The failure occurred at a depth of ~1000 nm, which is consistent with the 
membrane thickness in Figs. 10c and 10d. In order to investigate the scratching process, the morphologies of the membrane 
surfaces are shown in Figs. 10e and 10f. The scratch lengths of ACUM and CCUM were similar, consistent with the load 
forces. The characterization of the scratches demonstrated that the co-sintering process did not negatively affect the 
mechanical properties, compared with the conventional process, and thus the facile low-cost co-sintering process is very 
promising for industrial applications. 
 
 
Fig. 10 Mechanical properties of ACUM and CCUM. (a) (b) Dependences of the depth and load as a function of the 
distance, (c) (d) cross-section structures of ACUM and CCUM, and (e) (f) microstructures of surface scratches. 
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3.5 Anti-protein-fouling performance 
The aim of this study was to fabricate anti-protein-fouling AgNPs-doped ceramic tight membranes and achieve high 
separation and purification performances. BSA was used for a model protein solution. BSA solutions (pH = 7.4) were prepared 
to prevent the agglomeration of BSA molecules [56]. Fig. 11a shows the protein permeate flux as a function of the filtration 
time. The permeate flux of the protein solution exhibited a continuous decrease for both ACUM and CCUM. It is worth noting 
that the final stable permeability of ACUM (30 Lm-2h-1bar-1) was higher than that of CCUM (17 Lm-2h-1bar-1) although CCUM 
exhibited a higher pure-water flux (68 Lm-2h-1bar-1) than that of CCUM (62 Lm-2h-1bar-1). Accordingly, the rejection 
performances for BSA are shown in Fig. 11b. The rejection rate (above 99.5%) of ACUM for BSA was slightly higher than 
that of CCUM. Table S1 also shows the concentration of the silver in the permeate solution with the increasing filtration time 
by ICP tests. It can be seen that there is no obvious silver dissolution in the permeate solution, indicating that AgNPs could 
be stabilized in the membranes and is appropriate for protein separation. 
The surfaces of ACUM and CCUM after the separation of the BSA solution were characterized by SEM (Fig. 11c). The 
ACUM surface had less contaminants than the CCUM surface. The surface of CCUM was covered by contaminants, which 
significantly decreased the permeability. To further understand the fouling resistances of ACUM and CCUM, the FRRs were 
calculated as indicators for the degrees of membrane fouling. The membranes were used to filtrate pure water for 60 min and 
then BSA solution for 60 min. The two steps were considered as one cycle. Subsequently, the membranes were thoroughly 
washed and a second cycle was carried out. After three cycles, the pure water permeabilities were measured. As shown in Fig. 
11d, the stable permeabilities of ACUM and CCUM were 49.5 and 24 Lm-2h-1bar-1, respectively. The FRRs of ACUM and 
CCUM were 80% and 35%, respectively, which indicates that ACUM had a better antifouling performance and regeneration 
performance for BSA molecules. 
Usually, the antifouling ability of a ceramic membrane depends mainly on the surface properties such as hydrophilicity–
hydrophobicity, membrane roughness, and surface charge [57, 58]. To investigate the antifouling performances of such 
membranes, their roughnesses and surface charges were investigated. Fig. 11e shows the roughnesses of ACUM and CCUM. 
The roughness of CCUM was approximately 2.6 nm, twice larger than that of ACUM (1.2 nm). The AgNPs toughening 
properties could provide a smoother membrane surface and thus BSA molecules cannot easily absorb on the membrane surface, 
compared to the coarser CCUM surface with valleys. The foulants deposited on the membrane surface are referred to as valley 
clogging [59, 60]. The formed protein layer on the membrane layer could increase the filtration resistance and decrease the 
water flux. Furthermore, the surface charge of the membrane had a key role in the antifouling performance. Fig. 11f shows 
the zeta potentials of ACUM and CCUM as a function of pH. The AgNPs-doped membrane material exhibited a lower IEP 
than that of the CCUM membrane material. This indicates that the IEP of the ceramic membrane is controllable, as the AgNPs 
were more negatively charged at the pH range of 1 to 14 (see Fig. 4b, consistent with the Chung’s study [23, 25]). The BSA 
17 
 
molecules had an IEP of 4.7 (Fig. 11), indicating that the ACUM surface and BSA molecules were also negatively charged at 
pH = 7.4, providing a strong electronic repulsion of the BSA molecules [61, 62]. However, CCUM had the opposite surface 
charge at pH = 7.4 to that of BSA, and thus BSA molecules absorbed on the membrane surface and induced a significant 
membrane fouling. Therefore, ACUM exhibited high antifouling performances in terms of purifications of protein solutions 
owing to the lower roughness and more negatively charged surface under the test conditions. 
 
Fig. 11 BSA separation performances and antifouling analysis of the UF membranes. (a) Permeate fluxes of ACUM and 
CCUM, (b) BSA rejection performances (trans-membrane pressure: 1 bar; temperature: 25 °C), (c) membrane fouling after 
the purification of the protein solution, (d) regeneration and anti-protein-fouling performances of the ceramic membranes, (e) 
18 
 
roughness of ACUM and CCUM, and (f) zeta potentials of the membrane materials as a function of pH. 
 
4. Conclusions 
In this study, ACUMs with better antifouling performances for a BSA solution were fabricated by a facile co-sintering 
process. A novel boehmite sol with an AgNO3 doping was prepared as the filtration layer material. The effect of the doping 
content on the performance of the boehmite sol was investigated in detail. The AgNO3 doping content of 5 wt.% could achieve 
an appropriate surface area and pore diameter, and a complete membrane layer. The AgNPs obtained from silver nitrate not 
only relieved the sintering stress and toughened the membrane layers in the co-sintering, but also controlled the IEP from 
positive to negative, providing a better antifouling performance for BSA molecules. The prepared UF membrane with an 
MWCO of 9000 Da exhibited a pure water permeability of 62 Lm-2h-1bar-1 and rejection rate above 99.5 % for BSA molecules. 
The fabricated ceramic UF membranes exhibited a satisfactory antifouling performance for the BSA solution. After the 
experimental antifouling cycles, the FRR of ACUM reached 80 %, two times higher than that of CCUM owing to the smoother 
membrane surface and surface electronic repulsion. This study provided detailed insights on the control of the membrane 
surface properties by embedding NPs, and their potential application in purifying chemical products. 
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